microRNAs play key roles during various crucial cell processes such as proliferation, migration, invasion and apoptosis. Also, microRNAs have been shown to possess oncogenic and tumor-suppressive functions in human cancers. Here, we describe the regulation and function of miR-149 in colorectal cancer cell lines. miR-149 expression patterns were detected in human colorectal cell lines and tissue samples, and then focused on its role in regulation of cell growth, migration, invasion, and its target gene identification. Furthermore, the function of the target gene of miR-149 was analyzed in vitro and in vivo. miR-149 expression was downregulated in human colorectal cancer HCT116 and SW620 cell lines compared to the normal colon epithelial NCM460 cell line using quantitative real-time polymerase chain reaction methods. Further studies indicated that introduction of miR-149 was able to suppress cell migration and invasion. Then, EphB3 was identified as a direct target gene of miR-149 in colorectal cancer cells. Moreover, experiments in vitro showed that knockdown expression of EphB3 could suppress cell proliferation and invasion, and ectopic expression of EphB3 restored the phenotypes of CRC cell lines transfected with miR149. In addition, silencing of EphB3 significantly affected cycle progression distribution and increased apoptosis in CRC cell lines. Finally, in vivo results demonstrated that knockdown of EphB3 by siRNA inhibited tumor growth. In conclusion,the important role of miR-149 in colorectal cancer progression suggesting that miR-149 may serve as a therapeutic target for colorectal cancer treatment. m icroRNAs (miRNAs) are endogenous, small, singlestranded, non-coding RNAs that function as repressors of gene expression by binding to target sites in the 3 0 untranslated regions (UTRs) of messenger RNA (mRNA).
(1) miRNAs can be classified as oncogenes or as tumor suppressors, and by targeting various transcripts, they participate in proliferation, apoptosis, metabolism, and cellular differentiation processes. (2, 3) Emerging evidence has established miRNAs as pivotal players in the initiation, promotion, and progression of various human cancers. For example, miR-340 could restrain cell migration and invasion in and breast cancer whereas miR-373 and miR-10b activate carcinoma migration and promote tumor invasion and metastasis. (4) (5) (6) (7) Therefore, miRNAs may represent a novel and attractive therapeutic strategy as one miRNA could simultaneously regulate the expression of hundreds of different genes.
Colorectal cancer (CRC) is one of the most frequent cancers and a common cause of cancer-related deaths in the world. (8) Although the morbidity and mortality rates have declined in some western countries, this rate has remained elevated in China and other developing countries in past decades. (8) (9) (10) Screening for CRC allows the early diagnosis of the malignancy and reduces the mortality of this disease.
Recent studies have suggested that miR-149 may play an important role in various cancer diseases. miR-149 has been shown to function as both a tumor suppressor and an oncogene in the development of multiple types of solid tumors. (11, 12) Ectopic expression of miR-149 induces apoptosis of neuroblastoma cells. Loss of miR-149 leads to some oncogenes gain of function in renal cell carcinoma and prostate carcinoma. (13, 14) Elevated expression of miR-149 has been reported to be important in the progression of nasopharyngeal carcinoma. (15) However, the expression pattern and role of miR-149 in the development of CRC remains unclear.
In this study, we examined miR-149 expression pattern in CRC cells and tissue samples, and investigated the function of miR-149 in cell proliferation, migration, and invasion of CRC cells. We also identified EphB3 as a target gene for miR-149 using luciferase reporter assay. Moreover, experiments in vitro showed that knockdown expression of EphB3 could suppress cell proliferation and invasion, and ectopic expression of EphB3 restored the phenotypes of CRC cell lines transfected with miR149. In addition, silencing of EphB3 significantly affected cycle progression distribution and increased apoptosis in CRC cell lines. Finally, in vivo results demonstrated that knockdown of EphB3 by siRNA inhibited tumor growth. Our results indicated that miR-149 might act as a tumor suppressor and served as a potential therapeutic target in CRC.
Materials and Methods
Cell culture. The human CRC cell lines HCT116, SW620 and normal colon epithelial NCM460 cell were cultured at 37°C in a 5% CO 2 atmosphere and maintained in DMEM containing 10% FBS and 2 mM L-glutamine (Invitrogen, Los Angeles, CA, USA).
Patient samples. A total of 30 pairs of primary CRCs and their paired noncancerous colonic tissues were collected from Cancer Center of The 88 Hospital of People's Liberation Army. All patients provided written informed consent for the use of their tissues. This study was approved by the Institutional Review Board of The 88 Hospital of People's Liberation Army, and all participants gave written informed consent. All tissues had been histologically confirmed to be an adenocarcinoma of the colon. Tissue samples were collected, snap-frozen in liquid nitrogen, and stored at À80°C until further analysis.
Real-time RT-PCR. Total RNA was extracted from CRC cells and tumor tissues by using TRIZOL Reagent (Invitrogen). The cDNA Synthesis Kit (Takara, Tokyo, Japan) was used for the synthesis of cDNA according to the manufacturer's instructions. Quantitative RT-PCR was performed to detect the expression levels of miRNA and mRNA. Quantitative PCR was accomplished to detect the expression levels of miRNA and mRNA using the Light Cycler 480 detection system (Roche Diagnostics, Indianapolis, IN, USA) and interaction dye SYBR Green. U6 snRNA and actin mRNA levels were used for normalization. Primer sequences were listed in Table 1 . The quantitative RT-PCR results were analyzed and expressed as relative miRNA or mRNA levels of the Ct value, which was then converted to fold change.
Western blot analysis. Total proteins were prepared from the CRC cells. The protein concentration was determined using Bio-Rad protein assay system (Bio-Rad, Hercules, CA, USA). Proteins were analyzed with SDS polyacrylamide gel electrophoresis. After electrophoresis, they were electro-transferred to the PVDF membrane. The membrane containing the proteins was used for immunoblotting with appropriate antibodies. The protein bands were scanned and quantified.
Transfection of miRNA mimics, siRNAs or plasmid vectors. The human miR-149 duplex mimic and negative control oligonucleotide duplex mimic (miR-NC) were designed and provided by Ribobio (Guangzhou, China). The small interfering RNA Table 1 . Primers used for quantitative real-time PCR analysis. Primers were designed using Primer Express version 2.0 software (Thermo Fisher). Primer specificity was confirmed using Primer-BLAST web software (National Centre for Biotechnology Information) (siRNA) for EphB3 and the negative control RNA (siRNA-NC) were synthesized and purified by Genepharma (Shanghai, China). The sequences of miRNAs and siRNAs were described in Table 2 . The open reading frame of EphB3 (NM_004443) that was generated by PCR was then inserted into the pEGFP-C1 expression vector which was named pEGFP/EphB3. The recombinant vector was confirmed by the digestion analysis of restriction endonuclease and DNA sequencing. Cultured HCT116 and SW620 cells were transfected with miRNAs, siRNAs or plasmid vectors with the Lipofectamine 2000 reagent (Invitrogen) following the manufacturer's protocol. Cell proliferation, migration and invasion assays. For cell proliferation assay, cell viability was determined by the MTT method. Briefly, CRC cells were transfected with 150 nM miR-149 mimics or 100 nM siRNA-EphB3. Twenty-four hours later, cells were seeded in 96-well plates at a density of 1 9 10 4 cells/well. Then, 20 lL MTT (5 mg/mL) was added to each well and incubated for 4 h. The medium was then removed, and the formazan crystals were dissolved with dimethylsulfoxide (DMSO). Absorbance was read at 570 nm on a microplate reader (Multiskan Spectrum; Thermo Fisher, Waltham, MA, USA).
For cell migration and invasion assay, uncoated or matrigel coated transwells (BD Biosciences, Franklin, NJ, USA) containing 8 lm pores were used (BD Biosciences, Mountain View, CA, USA). Cells transfected with 150 nM miR-149 mimics or 100 nM siRNA-EphB3 were seeded into the upper chamberin serum-free DMEM. Cells were fixed in 100% methanol 72 h later and stained with a 1:5 dilution of Giemsa (Sigma, San Francisco, CA, USA) for 40 min at room temperature. Cells remaining on the upper side of the filter were removed with a cotton swab. The filters were then mounted onto slides and images were taken at 109 magnification. From these images, the number of migratory or invasive cells was counted.
Vector constructs and luciferase reporter assay. To construct EphB3 3 0 UTR plasmid, the full-length 3 0 UTR of human EphB3 mRNA (NM_004443) containing the putative miR-149 binding sequence was cloned into the pGL3 promotor vector (Promega, Madison, WI, USA) (Fig. S1 ). The putative miR-149 recognition sites in the EphB3 3 0 UTR were mutated by site-directed mutagenesis. For the dual luciferase assay, CRC cells were transfected with 150 nM of pre-miR-149, or a negative precursor control using Lipofectamine 2000 (Invitrogen). After 24 h, cells were co-transfected with 200 ng of pRL-EphB3 and 100 ng of pGL3-luc as the internal control. Cell extracts were prepared 48 h later and the dual luciferase reporter assay (Promega) was performed according to the manufacturer's protocol. Cell cycle assay. Cell cycle assay was performed by flow cytometry. After transfected with 100 nM siRNA-EphB3 or siRNA control, CRC cells were harvested, washed twice using PBS, and fixed in 70% ethanol at 4°C overnight. Then cells were incubated with propidium iodide at room temperature for 1 h and were analyzed by flow cytometry using a FACScan flow cytometer (BD Biosciences). (16) Cell apotosis assay. Apoptotic cells can be recognized and distinguished from normal cells using an Annexin V-FITC/PI apoptosis kit for flow cytometry according to the manufacturer's instructions (Invitrogen). After transfected with 100 nM siRNA-EphB3 or siRNA control, CRC cells were harvested and washed twice with cold PBS, and then incubated with 5 lL FITC-Annexin V and 1 lL PI working solution (100 lg/mL) for 15 min in the dark at room temperature. Cellular fluorescence was measured by flow cytometry analysis. (17) In vivo xenograft experiments. Female BALB/C nude mice at the age of 4 weeks were randomly divided into two groups (five mice per group). Has-miR-149 or miR-control stable transfection HCT 116 and SW620 cells suspensions (1 9 10 6 cells/mL) in 200 lL serum-free medium were subcutaneously injected into the flanks of nude mice, respectively. Tumor growth was examined twice per week for 4 weeks. After 4 weeks, tumor samples were carefully removed and weighed.
Statistical analyses. The data were analyzed by one-way analysis of variance and the Student's t-test to determine statistical significance using SPSS 16.0 statistic software (SPSS, Armonk, NY, USA). Each experiment was repeated at least three times. The results were expressed as mean AE SEM. Outcomes were considered statistically significant with two-tailed P < 0.05. To assess the role of miR-149 in colorectal cancer, we used quantitative RT-PCR to measure the expression of miR-149 in CRC cell lines and tumor tissues. We found that miR-149 was significantly decreased in HCT116 and SW620 cell lines compared to the normal human colon epithelial NCM460 cell line (Fig. 1a) and colonic tissues compared to the noncancerous colonic tissues (Fig. 1b) .
Ectopic expression of miR-149 inhibits CRC cells proliferation and invasion in vitro. To investigate the role of miR-149 in CRC cells, HCT116 and SW620 cells were transiently transfected with either miR-149 mimics or miR-149 mimics control (Fig. S2) . Quantitative RT-PCR results showed that miR-149 mimics could significantly upregulate the expression of miR-149 in HCT116 and SW620 cells at the fifth day post-transfection (Fig. 2a) compared to miR-149 mimics control. HCT116 and SW620 cells transfected with miR-149 mimics showed significantly lower levels of cell proliferation than the mimics control groups as determined by MTT assay (Fig. 2b) . Colonyformation assay demonstrated that overexpression of miR-149 significantly reduced both the number of colonies formed and the size of the colonies after 15 days of culture compared with the negative control in HCT116 and SW620cell lines (Fig. 2c,  d ). In addition, transwell assays indicated that the invasive capacity of HCT116 and SW620 cells over-expressing miR-149 were significantly reduced compared with the negative control (Fig. 2e,f) .
EphB3 is a direct target gene of miR-149 in CRC cells. First, we investigated the targets of miR-149 used the miRecords resource to obtain potential targets of miR-149 from three independent prediction tools included on the website. Among the putative targets of miR-149, we chose EphB3 for further analysis, because it had been previously implicated in promoting colorectal cancer progression, and seven potential binding sites of miR-149 in the EphB3 3 0 UTR by in silico analysis. (18) (19) (20) Then, EphB3 expression level was analyzed in HCT116 and SW620 cells lines after transfection with either miR-149 mimics or mimic-NC sequences. Indeed, real-time PCR and western blot analyses confirmed this prediction. Briefly, after transient transfection of miR-149 mimics into HCT116 and SW620 cells EphB3 mRNA (Fig. 3a) and protein levels (Fig. 3b,c) were significantly suppressed compared with negative control.
To obtain further direct evidence that EphB3 is a target of miR-149, we characterized the binding site of miR-149 in the 3 0 UTR of EphB3 mRNA (Fig. 3d) . The data demonstrated that miR-149 but not miR149-control RNA specifically decreased the luciferase activity. The mutant reporter co-transfected with miR-149 did not show significant decrease in the relative luciferase activity compared with negative control RNA (Fig. 3e) .
Taken together, these data suggest that EphB3 is a direct target gene of miR-149 in CRC cells.
Silencing of EphB3 significantly inhibits cell proliferation and invasion in of CRC cells. To further determine the role of EphB3 in cell invasion, we used EphB3 siRNA for knockdown of EphB3 expression in HCT116 and SW620 cells, and the efficacy was confirmed by quantitative PCR and western blot analysis. Quantitative PCR analysis (Fig. 4a ) and western blotting (Fig. 4b,c) showed that the expression of EphB3 was decreased after siRNA transfection. Next, results from MTT assay revealed that silencing of EphB3 could lead to the decreased capacity of growth in HCT116 and SW620 cells (Fig. 4d) . In addition, transwell assay suggested that invasiveness of cells transfected with siRNA EphB3 was decreased compared to cells transfected with siRNA-NC (Fig. 4e,f) . These results clearly indicated that silencing of EphB3 mimics the effects of miR-149 overexpression on malignant phenotypes of CRC cells.
Ectopic expression of EphB3 restores the phenotypes of CRC cell lines transfected with miR149. To further clarify whether miR-149 related phenotype could explain by down-regulation of EphB3, HCT116 cells were co-transfection with miR149 mimics and pEGFP/EphB3 vector. Forty-eight hour after co-transfection, quantitative RT-PCR and western blotting assays were carried out to determine the expression of EphB3 mRNA and protein, and results exhibited that the co-transfection could rescue the decreased expression of EphB3 mRNA and protein in HCT116 cells induced by miR-149 mimics (Fig. 5a-c) . We found that overexpression of EphB3 could reverse the growth inhibition in HCT116 cells induced by miR-149 mimics (Fig. 5d) . Moreover, as shown in Figure 5(e-h) , the decreased capacity of colony-formation and invasion in HCT116 cells induced in miR-149 mimics were also reversed through overexpression of EphB3. Taken together, these findings suggested that EphB3 was a functional target of miR-149 in CRC cells.
Silencing of EphB3 significantly affects cycle progression distribution and increases apoptosis in CRC cell lines. To explore the functional effect of EphB3 on cell cycle progression and cell survival, we measured cycle progression distribution and apoptosis in CRC cells transfected with EphB3 SiRNA and EphB3-NC. Results from flow cytometry indicated that inhibition of EphB3 expression increased number of G1 and S phase cells and decreased G2 and M phase cells compared to control group cells (Fig. 6a-c) . Furthermore, we detected that knockdown of EphB3 increased apoptosis in CRC cell lines measured by flow cytometry analysis (Fig. 7a,b) .
To confirm the reliability of apoptosis result, we performed quantitative RT-PCR and western blotting analysis of a set of markers for apoptosis, including bcl-2, bax, caspase-3 and caspase-6. We found that a strong increase in the expression of bcl-2, caspase-3 and caspase-6, in contrast, a strong decrease in the expression of bax in EphB3 SiRNA group compared with control group (Fig. 8a-e) . In addition, the expression of cleaved caspase-3 and cleaved caspase-6 were also determined through western blotting analysis. The data revealed that the expression of cleaved caspase-3 and cleaved caspase-6 were strong increased in EphB3 SiRNA group compared with control group (Fig. S3) .
Knockdown of EphB3 inhibits tumor growth in vivo. To examine the role of EphB3 in tumor development, we constructed a BALB/C nude xenograft mouse model in which mice were transplanted with EphB3 SiRNA and EphB3-control transfected CRC cells. After 4 weeks, tumors from SiRNA EphB3 group were significantly smaller than those from mice transfected with control (Fig. 9a) . Furthermore, silencing of EphB3 significantly reduced xenograft tumor volume (Fig. 9b ) and tumor weight (Fig. 9c) .
Discussion
Increasing evidence suggests that miRNAs play a critical role in carcinogenesis and cancer progression. (21) Individual miRNAs have been ascribed oncogenic and tumor suppressor functions, (22) and aberrant miRNA expression has been implicated in many malignancies, including colorectal cancer. (23, 24) Profiling and functional studies demonstrated that many miRNAs' potential novel prognostic values in colorectal cancer.
Previous researches have shown that the role of miR-149 was different in the progression of different types of tumors. (11) (12) (13) The expression patterns of miR-149 and its target genes were various in different types of tumors. (25) (26) (27) (28) Ying et al. reported that miR-149 was a tumor suppressor and its expression was decreased in human gastric cancer. (16) Moreover, ectopic expression of miR-149 in gastric cancer cells inhibits proliferation and cell cycle progression by downregulating target gene ZBTB2, a potent repressor of the ARF-HDM2-p53-p21 pathway. In prostate cancer, miR-149 expression was downregulated and was part of a six member diagnostic marker set that discriminated between malignant and normal tissues in prostate cancer patients. (14) In contrast, the deletion of miR-149 leads to the lysyl oxidase oncogenes gain of function in clear cell renal cell carcinoma. (29) To date, little is known about the role of miR-149 in CRC. Here, we reported that miR-149 expression was significantly reduced in CRC HCT116 and SW620 cells lines. Ectopic expression of miR-149 inhibits cells proliferation migration and invasion in CRC cells. Furthermore, we also verified that EphB3 was a direct target gene of miR-149 in CRC cells.
EphB3, one of Eph transmembrane tyrosine kinase receptors, play important roles in various of tumorigenesis. (30, 31) Schmid et al. documented that overexpression of EphB3 and promoted tumor metastasis by enhancing cell survival and migration in non-small-cell lung cancer. (18) Jerome et al. (32) identified ephrinB3 as a negative regulator of cell proliferation and positive regulator of cell survival in the adult rodent brain. These findings demonstrate a crucial function for ephrinB3 in tumor progression. Our data show that EphB3 was a direct target gene of miR-149 and regulated cell development progress, including cell proliferation, invasion, cell cycle, and cell apotosis by enhancing or knocking-down EphB3 expression.
In summary, our data indicated that miR-149 may function as a tumor suppressor in CRCHCT116 and SW620 cells lines by targeting EphB3. Therefore, downregulation of miR-149 promoted CRC cell proliferation and cell invasion, and silencing of EphB3 significantly reduced cell invasiveness, affected cycle progression distribution and increased apoptosis in CRC cells. Moreover, our results showed that EphB3 may function as an oncogene in the development of colorectal cancer. Therefore, miR-149 may serve as a therapeutic target for colorectal cancer treatment. However, due to the fact that each miRNA may regulate many target genes which can affect carcinogenesis in different ways, more detailed molecular and cellular mechanisms underlining the action of miR-149 targets are needed to investigate. In addition, miR-149 might be derived from host cells in tumor micro-environment, more cautious researches are indispensable to further assess the effect of EphB3 on tumor growth in vivo.
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